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ABSTRACT 
P a r t i c l e  Cloud Combust ion I n  Reduced G r a v i t y  
b y  
A .  L .  B e r l a d  
Dep t .  of App l i ed  Mechanics  and  E n g i n e e r i n g  S c i e n c e  
U n i v e r s i t y  of  C a l i f o r n i a ,  San Diego 
La  J o l l a ,  C a l i f o r n i a  92093 
S t u d y  of flame p r o p a g a t i o n  and  e x t i n c t i o n  f o r  p remixed  flames h a s  
o c c u p i e d  a p o s i t i o n  of c e n t r a l  i n t e r e s t  i n  combus t ion  s c i e n c e .  D e s p i t e  
t h e  s u b s t a n t i a l  body of e x p e r i m e n t a l  and  t h e o r e t i c a l  work a c h i e v e d  t o  
d a t e ,  e x p e r i m e n t s  aimed a t  d e t e r m i n i n g  these p r o p e r t i e s  f o r  q u i e s c e n t  
p remixed  p a r t i c l e  c l o u d s  i n  a g a s e o u s  ox id i ze r  s u f f e r  f rom a number of 
s e r i o u s  d e f i c i e n c i e s .  The e x p e r i m e n t s  c a n n o t  be c o n d u c t e d  i n  no rma l  
g r a v i t y  b e c a u s e :  
(1) g r a v i t y  c a u s e s  t h e  s e d i m e n t a t i o n  of pa r t i c l e s  of s i g n i f i c a n t  
s i z e ,  t h e r e b y  r e n d e r i n g  s p a t i a l  and t e m p o r a l  u n i f o r m i t y  o f  a q u i e s c e n t  
r e a c t i v e  p a r t i c l e  c l o u d  i m p o s s i b l e .  
( 2 )  mix ing - induced  t u r b u l e n c e  and  s e c o n d a r y  f l o w s  u s e d  t o  s u p p r e s s  
s e d i m e n t a t i o n  and  t o  c rea te  u n i f o r m  p a r t i c l e  c l o u d s  imp ly  i l l - d e f i n e d  
t r a n s p o r t  p r o p e r t i e s .  Such m i x t u r e s  s u s t a i n  t h e  p r o b l e m s  of i t e m  (l), 
a b o v e ,  when p a r t i c l e - u n i f o r m i t y - p r o m o t i n g  s t i r r i n g  ceases.  
( 3 )  f u e l - o x i d i z e r  r a t i o  f l u x e s  t h r o u g h  f r e e l y  p r o p a g a t i n g  flame 
f r o n t s  are  f u n c t i o n s  of t h e  g r a v i t y  v e c t o r ,  and  
( 4 )  g r a v i t y  i n d u c e d  n a t u r a l  c o n v e c t i o n  p r o c e s s e s  modi fy  t h e  u n d e r -  
l y i n g  flame p r o p a g a t i o n  and  e x t i n c t i o n  phenomena. 
The  p r i n c i p a l  o b j e c t i v e s  of t h i s  m i c r o g r a v i t y  e x p e r i m e n t a l  p r o -  
gram are  t o  o b t a i n  f lame p r o p a g a t i o n  r a t e  and  flame e x t i n c t i o n  l i m i t  
d a t a  f o r  s e v e r a l  i m p o r t a n t  p r e m i x e d ,  q u i e s c e n t  p a r t i c l e  c l o u d  combus- 
t i o n  s y s t e m s  u n d e r  n e a r  z e r o - g r a v i t y  c o n d i t i o n s .  The da ta  r e s u l t i n g  
f r o m  these  e x p e r i m e n t s  a re  needed  f o r  u t i l i z a t i o n  w i t h  c u r r e n t l y  a v a i l -  
a b l e  and  t r a c t a b l e  f l a m e  p r o p a g a t i o n  and e x t i n c t i o n  t h e o r y .  These  
da t a  are a l s o  e x p e c t e d  t o  p r o v i d e  new s t a n d a r d s  f o r  t h e  e v a l u a t i o n  of 
f i r e  hazards i n  p a r t i c l e  s u s p e n s i o n s  i n  b o t h  E a r t h - b a s e d  and  Space-  
based a p p l i c a t i o n s .  Both  t e r r e s t r i a l  and  Space -based  f i r e  s a f e t y  c r i -  
t e r i a  r e q u i r e  t h e  i d e n t i f i c a t i o n  of t h e  c r i t i c a l  c o n c e n t r a t i o n s  of 
p a r t i c u l a t e  f u e l s  and  i n e r t s  a t  t h e  f l ame  e x t i n c t i o n  c o n d i t i o n s .  
The  P a r t i c l e  Cloud Combust ion Exper imen t  (PCCE) employs  a c i r c u -  
l a r  a r r ay  of flame t u b e s .  W i t h i n  e a c h  flame t u b e ,  a u n i f o r m  q u i e s c e n t  
c l o u d  of p a r t i c l e s  (of  selected s t o i c h i o m e t r y )  is t o  be s u s p e n d e d  i n  
n e a r  z e r o - g r a v i t y .  The  s u c c e s s f u l  e s t a b l i s h m e n t  o f  these  i n i t i a l  con-  
d i t i o n s  is e s s e n t i a l  t o  t h e  s u c c e s s f u l  o b s e r v a t i o n  of w e l l - d e f i n e d  
f l a m e  p r o p a g a t i o n  and  e x t i n c t i o n  p r o c e s s e s .  Cloud p r e p a r a t i o n  and  
f l a m e  o b s e r v a t i o n  e l e m e n t s  i n c l u d e :  a c o u s t i c  s o u r c e s  t o  p romote  macro- 
m i x i n g ;  a r rays  of weak a - p a r t i c l e  s o u r c e s  t o  p r e v e n t  s i g n i f i c a n t  p a r -  
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ticle-particle agglomeration and particle-wall attachment; arrays of 
optical sources and detectors to measure particle cloud concentrations 
and flame propagation rates; igniters, photographic recording of flame 
propagation and extinction phenomena, and associated electronic con- 
trol and data acquisition and storage devices. Once a suitably uni- 
form and quiescent particle cloud is established in a flame tube, ig- 
nition, flame propagation and extinction characteristics are examined 
through use of photographic and other optical means. 
Fuel particulates to be studied in the PCCE include lycopodium, 
coal, cellulose, and a number of inerts. Lean flammability limit deter- 
mination is particularly important and is needed for both fundamental 
and applied purposes. The long mixing and combustion times for lean 
flammability limit studies are expected to require STS experimentation. 
Flame propagation studies of fuel-rich mixtures involve shorter mixing 
and combustion times and selected data of this kind may be obtained 
through use of ground-based facilities (e.g., flame propagation studies 
in airplane-established Keplerian trajectories). 
Completed and ongoing studies support the PCCE effort. These have 
been performed in various ground-based facilities and include studies 
of: (1) premixed, stabilized lycopodium-air flames under conditions of 
near zero gravity as well as upward (g=+l) and downward (g=-1) flame 
propagation in normal gravity. 
(2) particle cloud mixing methods, with provision for inhibition of 
particle-particle and particle-wall attachment processes. 
( 3 )  effects of vaporization-pyrolysis endothermicities and radia- 
tion-conduction transport on flame propagation and extinction charac- 
teristics. 
Observations and deductions include the following: Stabil-ized, upward 
flame propagation (g=+l) is much more stable than downward flame prop- 
agation (g=-1). Omnidirectional radiative losses from lycopodium-air 
flames are much larger than conductive lossTs to the cold boundary. 
Flame structures for the three cases (g=O, - 1) are substantially dif- 
ferent. Additionally, acoustic mixing methods, combined with distri- 
buted a-particle sources have been uniquely successful in assuring 
that planned and optically characterized suspensions of particulates 
(in air) are meaningful. The success of these methods is essential 
for the proper establishment of a quiescent cloud in any given flame 
tube of the PCCE apparatus. 
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1. INTRODUCTION AND BACKGROUND 
The cha rac t e r i s t i c  flame p r o p a g a t i o n  and  flame e x t i n c t i o n  pro- 
cesses s u s t a i n e d  by a u n i f o r m l y  p r e m i x e d ,  q u i e s c e n t  f u e l  and  o x i d i z e r  
are of c e n t r a l  i n t e r e s t  i n  t h e  f u n d a m e n t a l  and  a p p l i e d  combus t ion  
s c i e n c e s .  Treat ises  on  F i r e  S a f e t y  f o r  g a s e o u s  s y s t e m s  f e a t u r e  ex- 
p e r i m e n t a l  da t a  d e s c r i b i n g  t h e  r a n g e  of f u e l - o x i d i z e r  r a t i o s  w i t h i n  
which  q u a s i - s t e a d y  f l a m e  p r o p a g a t i o n  c a n  ( o r  c a n n o t )  o c c u r  ( R e f .  1) .  
C o r r e s p o n d i n g  combus t ion  t h e o r y  a t tempts  t o  d e s c r i b e  t h e  f l a m e ' s  
s t r u c t u r e ,  i t s  p r o p a g a t i o n  s p e e d ,  t h e  e x t i n c t i o n  p r o c e s s ,  and o t h e r  
c o n d i t i o n s  t h a t  may l i m i t  q u a s i - s t e a d y  f l a m e  p r o p a g a t i o n  ( 2 ) .  Fun- 
d a m e n t a l  t o  t h i s  e x p e r i m e n t a l  and  t h e o r e t i c a l  c o r r e s p o n d e n c e  is  t h e  
r e q u i r e m e n t  t h a t  t h e  unburned  c o m b u s t i b l e  medium i s  i n i t i a l l y  q u a s i -  
s t e a d y .  F o r  premixed c o m b u s t i b l e  g a s e o u s  s y s t e m s ,  i n i t i a l  s p a t i a l  
and  t e m p o r a l  u n i f o r m i t y  o f  a c o m b u s t i b l e  s y s t e m ' s  c h e m i c a l ,  t r a n s -  
p o r t ,  and  t h e r m o p h y s i c a l  p r o p e r t i e s  i s  e a s i l y  a c h i e v e d ,  p r i o r  t o  
combus t ion  e x p e r i m e n t a t i o n .  A t  normal  g r a v i t a t i o n a l  c o n d i t i o n s ,  t h e  
c o r r e s p o n d i n g  q u a s i - s t e a d y  r e q u i r e m e n t s  f o r  p a r t i c u l a t e  f u e l  c l o u d s  
i s  n o t  a c h i e v e d  ( 3 - 6 ) .  A c c o r d i n g l y ,  t h e  e x t e n s i v e  body o f  e x p e r i -  
m e n t a l  o b s e r v a t i o n s  c h a r a c t e r i s t i c  f o r  p remixed  g a s e o u s  c o m b u s t i o n  
( a u t o i g n i t i o n ,  i g n i t i o n ,  l a m i n a r  f lame p r o p a g a t i o n ,  e x t i n c t i o n ,  os- 
c i l l a t o r y  o x i d a t i o n ,  and  o t h e r  phenomena) i s  n o t  matched by a corres- 
p o n d i n g  body of combus t ion  da t a  cha rac t e r i s t i c  f o r  i n i t i a l l y  q u a s i -  
s t e a d y  premixed p a r t i c l e  c l o u d s .  A t  normal  g r a v i t a t i o n a l  c o n d i t i o n s ,  
u n i f o r m ,  q u i e s c e n t  p a r t i c l e  c l o u d s  c a n n o t  be e s t a b l i s h e d  b e c a u s e :  
(1) G r a v i t y  c a u s e s  t h e  s e d i m e n t a t i o n  o f  p a r t i c l e s  of s i g n i f i c a n t  
s i z e ,  t h e r e b y  r e n d e r i n g  s p a t i a l  and t e m p o r a l  u n i f o r m i t y  of a q u i e s -  
c e n t  f u e l  p a r t i c l e  c l o u d  imposs ib le .  
press s e d i m e n t a t i o n  and  t o  create u n i f o r m  p a r t i c l e  c l o u d s ,  imply  
i l l - d e f i n e d  t r a n s p o r t  p r o p e r t i e s .  Such m i x t u r e s  s u s t a i n  t h e  problems 
of i t e m  (1) when particle-uniformity-promoting s t i r r i n g  ceases. 
( 3 )  F u e l - o x i d i z e r  r a t i o  f l u x e s  t h r o u g h  f r e e l y  p r o p a g a t i n g  f lame 
f r o n t s  a re  f u n c t i o n s  o f  t h e  g r a v i t y  v e c t o r .  
The  s y s t e m a t i c  e x p e r i m e n t a l  s t u d y  of f r e e l y  p r o p a g a t i n g  f l a m e s  
t h r o u g h  c l o u d s  of u n i f o r m ,  q u i e s c e n t  p a r t i c u l a t e s  i s  t h u s  n o t  feas- 
i b l e  a t  normal  g r a v i t y .  However,  p remixed  p a r t i c l e  c l o u d  f l a m e s  
h a v e  been  s t ab i l i zed  on  b u r n e r s  and  s t u d i e d  a t  normal  g r a v i t y .  
(2) Mixing-induced turbulence and secondary flows, used to sup- 
Premixed  coal-air  flames h a v e  b e e n  s t a b i l i z e d  on  b u r n e r s  and  
t h e i r  p r o p e r t i e s  i n  t h e  upwards  p r o p a g a t i o n  mode o b s e r v e d  (7-9) a t  
no rma l  g r a v i t y .  More r e c e n t  e x p e r i m e n t s  w i t h  b u r n e r - s t a b i l i z e d  p r e -  
mixed l y c o p o d i u m - a i r  flames have  been  carr ied o u t  i n  upwards  p r o p a -  
g a t i o n  ( g  = +1), i n  downwards p r o p a g a t i o n  ( g  = -1) and i n  r e d u c e d  
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g r a v i t y  ( g  =. 0 ) .  These  l a t t e r  s t u d i e s  (10,ll) show t h a t  t h e  s t a b i l -  
i t y  and  s t r u c t u r e s  o f  t h e s e  t h r e e  f l a m e  p r o p a g a t i o n  modes are  s u b s t a n -  
t i a l l y  d i f f e r e n t .  P remixed ,  s t a b i l i z e d  p a r t i c l e  c l o u d  f l a m e  c h a r a c -  
t e r i s t i c s  are r e l a t e d  t o  t h o s e  f o r  f r e e l y  p r o p a g a t i n g  f l a m e s .  However, 
b u r n e r - s t a b i l i z e d  flame p r o p a g a t i o n  r a t e s  and  e x i s t e n c e  l i m i t s  depend 
i m p o r t a n t l y  on e x p e r i m e n t a l l y  p r e d e t e r m i n e d  f l o w  and b u r n e r  c o n d i t i o n s .  
F r e e l y  p r o p a g a t i n g  f l a m e s  ( s u s t a i n e d  by i n i t i a l l y  q u i e s c e n t ,  u n i f o r m  
c o m b u s t i b l e  media) d i s p l a y  c h a r a c t e r i s t i c  f l a m e  s p e e d s  and  e x i s t e n c e  
l i m i t s .  Thus ,  i t  is t h e  l i m i t i n g ,  f u e l - l e a n  c o n c e n t r a t i o n s  of f r e e l y  
p r o p a g a t i n g  f l a m e s  t h a t  a re  a s s o c i a t e d  w i t h  t h e  " l e a n  f l a m m a b i l i t y  
l i m i t "  f o r  any g i v e n  p remixed  f u e l - o x i d i z e r  s y s t e m .  (1,2,12). 
I n  t h e  n e i g h b o r h o o d  o f  l e a n  f l a m m a b i l i t y  l i m i t  f u e l  c o n c e n t r a -  
t i o n s ,  normal  g r a v i t y  buoyancy e f f e c t s  on  t h e  s l o w l y  p r o p a g a t i n g  f l a m e  
s t r u c t u r e s  are most p ronounced .  T h i s  is w i d e l y  o b s e r v e d  f o r  p r e m i x e d ,  
f r e e l y  p r o p a g a t i n g  g a s e o u s  f l a m e s  (1,12-14). I t  i s  o b s e r v e d  f o r  b o t h  
s t a b i l i z e d  and  f o r  f r e e l y  p r o p a g a t i n g  ( 4 )  p a r t i c l e  c l o u d  f l a m e s .  Oddly 
enough ,  s t a b i l i z e d  premix d g a s e o u s  f l a m e  s t u d i e s  a n a l o g o u s  t o  t h o s e  
done  r e c e n t l y  ( a t  g = 0 ,  5 1) f o r  p a r t i c l e  c l o u d s  (10,ll) h a v e  n o t  b e e n  
r e p o r t e d .  N e v e r t h e l e s s ,  t h e  e x p e r i m e n t a l  combus t ion  l i t e r a t u r e  shows 
t h a t  no rma l  g r a v i t y  buoyancy e f f e c t s  are most p ronounced  f o r  t h e  cases 
o f  n e a r  l e a n  l i m i t  f u e l  c o n c e n t r a t i o n s .  T h i s  i s  o b s e r v e d  f o r  p remixed  
g a s e o u s  s y s t e m s  as  w e l l  a s  f o r  premixed p a r t i c l e  c l o u d  f l a m e s .  I t  is 
o b s e r v e d  f o r  b u r n e r  s t a b i l i z e d  as  w e l l  as f o r  f r e e l y  p r o p a g a t i n g  f l a m e  
s y s t e m s .  
Fundamenta l  f lame t h e o r y  s e e k s  t o  d e s c r i b e  f l a m e  s t r u c t u r e ,  flame 
p r o p a g a t i o n  s p e e d s ,  and  f l a m e  e x i s t e n c e  l i m i t s  (2,15-21). C u r r e n t l y  
t r a c t a b l e  f u n d a m e n t a l  f l a m e  t h e o r y  g e n e r a l l y  n e g l e c t s  g r a v i t a t i o n a l  
( a n d  o t h e r  body f o r c e )  e f f e c t s  o f  f l a m e  p r o p a g a t i o n  c h a r a c t e r i s t i c s  
(2,15-21). H e a v i l y  t r u n c a t e d  phenomeno log ica l  t h e o r i e s  are  g e n e r a l l y  
u s e d  t o  c h a r a c t e r i z e  e x p e r i m e n t a l  f l a m e  p r o p a g a t i o n  and  e x t i n c t i o n  d a t a  
where  buoyancy p l a y s  a s u b s t a n t i a l  r o l e  (12,13). 
F o r  p remixed  f l a m e  s y s t e m s  i n  g e n e r a l ,  t h e  a v a i l a b l e  g = 0 t h e o -  
r e t i l a 1  f o r m u l a t i o n s  do n o t  c o r r e s p o n d  s a t i s f a c t o r i l y  t o  t h e  a v a i l a b l e  
g = - 1 e x p e r i m e n t a l  o b s e r v a t i o n s ,  f o r  f r e e l y  p r o p a g a t i n g  f l a m e s  s u s -  
t a i n e d  by n e a r - l e a n - l i m i t  f u e l  c o n c e n t r a t i o n s .  F o r  p remixed  p a r t i c l e  
c l o u d  flames,  s e d i m e n t a t i o n  as y e l l  a s  buoyancy e f f e c t s  f u r t h e r  d e g r a d e  
t h e  c o r r e s p o n d e n c e  be tween g = - 1 e x p e r i m e n t a t i o n  and  g = 0 t h e o r y .  
The s t u d i e s  d e s c r i b e d  i n  t h i s  paper are  c o n c e r n e d  w i t h  u n d e r s t a n d -  
i n g  t h e  e x p e r i m e n t a l  b e h a v i o r  o f  p a r t i c l e  c l o u d  f l a m e  p r o p a g a t i o n  and  
e x t i n c t i o n  p r o c e s s e s  u n d e r  r e d u c e d  g r a v i t y  c o n d i t i o n s  where  s e d i m e n t a -  
t i o n  and  buoyancy e f f e c t s  do  n o t  s i g n i f i c a n t l y  modi fy  t h e  u n d e r l y i n g  
g =  zero combus t ion  p r o c e s s e s .  Such  e x p e r i m e n t a l  o b s e r v a t i o n s  are  as- 
s o c i a t e d  w i t h  i n i t i a l l y  q u a s i - s t e a d y ,  d e f i n e d  c o m b u s t i b l e  p a r t i c l e  
c l o u d s .  These  e x p e r i m e n t a l  d a t a  may t h e n  b e  u t i l i z e d ,  t o g e t h e r  w i t h  
e x i s t i n g  f u n d a m e n t a l  flame t h e o r y ,  t o  h e l p  p r o v i d e  a n  u n d e r s t a n d i n g  of 
t h e  u n d e r l y i n g  g = 0 flame p r o c e s s e s  of i n t e r e s t .  U n d e r s t a n d i n g  of 
t h e s e  u n d e r l y i n g  g =. 0 flame p r o p a g a t i o n  and  e x t i n c t i o n  c h a r a c t e r i s t i c s '  
a re  needed  as a b a s i s  f o r  u n d e r s t a n d i n g  g e n e r a l  p a r t i c l e - c l o u d  f l a m e  
processes, i n c l u d i n g  t h e  e f f e c t s  of g r a v i t a t i o n a l ,  t r a n s p o r t ,  composi-  
t i o n a l ,  and  o t h e r  combus t ion  p a r a m e t e r s .  
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2 .  GRAVITATIONAL EFFECTS AND THE PARTICLE CLOUD 
COMBUSTION EXPERIMENT 
The p r i n c i p a l  o b j e c t i v e  o f  t h e  P a r t i c l e  Cloud Combust ion Exper-  
imen t  (PCCE)  is  t o  p r o v i d e  f l a m e  p r o p a g a t i o n  r a t e  and  e x t i n c t i o n  con-  
d i t i o n  d a t a  f o r  q u i e s c e n t  u n i f o r m  f u e l  p a r t i c l e  c l o u d s .  A t  normal  
g r a v i t y ,  p a r t i c l e  s e d i m e n t a t i o n  p r o c e s s e s  compromise o u r  a b i l i t y  t o  
p r o p e r l y  p r e p a r e  a c o m b u s t i b l e  s y s t e m  f o r  m e a n i n g f u l  s t u d y  o f  f r e e l y  
p r o p a g a t i n g  flames and  t h e i r  l i m i t i n g  c o n d i t i o n s  f o r  p r o p a g a t i o n .  
D u r i n g  combus t ion  e x p e r i m e n t a t i o n ,  buoyancy e f f e c t s  ( a s  w e l l  a s  con-  
t i n u i n g  s e d i m e n t a t i o n  processes) f u r t h e r  compromise o u r  a b i l i t y  t o  
u n d e r s t a n d  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  ( 3 - 6 , l O - 1 4 ) .  An e x a m i n a t i o n  
o f  t h e  c h a r a c t e r  and  m a g n i t u d e  o f  t h e s e  g r a v i t a t i o n a l  e f f e c t s  is u s e -  
f u l .  N o r m a l  g r a v i t y  d i f f i c u l t i e s  as  w e l l  a s  t h e  u n i q u e  r e s e a r c h  op- 
p o r t u n i t i e s  a f f o r d e d  by r e d u c e d  g r a v i t y  are t h e r e b y  c h a r a c t e r i z e d .  
Pa r t i c l e s  of i n i t i a l  i n t e r e s t  i n  t h i s  i n v e s t i g a t i o n  have  maximum 
d e n s i t i e s  ( ~ . 1 . 3 5 )  and  maximum d i a m e t e r s  ( ~ 7 0 p m )  s u c h  t h a t  t h e i r  s e t -  
t l i n g  s p e e d s ,  a t  no rma l  g r a v i t y ,  are i n  t h e  S t o k e s  regime. I n  t h i s  
regime, t h e  p a r t i c l e  s e t t l i n g  s p e e d  ( i n  a i r )  is g i v e n  by 
where  g is t h e  a c c e l e r a t i o n  d u e  t o  g r a v i t y ,  r t h e  p a r t i c l e  d i a m e t e r ,  
e p  t h e  p a r t i c l e  d e n s i t y  a n d p g  t h e  gas ( a i r )  v i s c o s i t y .  The f i r s t  
f u e l  p a r t i c u l a t e  u n d e r  s t u d y  is  t h e  lycopodium spore ,  which  h a s  a 
mean diameter  of a b o u t  27um and a d e n s i t y  v e r y  c lose t o  u n i t y .  Some 
p r o p e r t i e s  of lycopod ium are  g i v e n  i n  T a b l e  (1). P o c a h o n t a s  coal  
pa r t i c l e s  ( a l s o  t o  be s t u d i e d )  h a v e  a d e n s i t y  t h a t  i s  a b o u t  one t h i r d  
h i g h e r  t h a n  t h a t  f o r  l ycopod ium.  
A t  normal  g r a v i t y ,  lycopodium h a s  a s e t t l i n g  s p e e d  o f  a b o u t  
3 cm/sec. I f  o n e  a t tempts  t o  mix lycopodium w i t h  a i r  i n  a 5 c m .  i . d .  
t u b e  ( c l a s s i c a l l y ,  t h e  i n s i d e  d i a m e t e r  o f  a f l a m e  t u b e  s e l e c t e d  f o r  
f l a m m a b i l i t y  l i m i t  measu remen t s )  (l), t o  create  a u n i f o r m l y  mixed 
c l o u d ,  t h e  q u i e s c e n t  u n i f o r m i t y  c r i t e r i o n  f o r  t h e  c o m b u s t i o n  exper i -  
ment  c a n n o t  be m e t .  Mixing- induced  t u r b u l e n c e  and  s e c o n d a r y  f l o w s  
must  b e  a l l o w e d  t o  d e c a y ,  p r i o r  t o  flame i n i t i a t i o n  ( i g n i t i o n  o c c u r s  
a t  o n e  end  o f  a 75  c m .  l o n g  flame t u b e ) .  The u n b u r n e d  c o m b u s t i b l e  
medium must  d i s p l a y  t i m e  i n v a r i a n t  p r o p e r t i e s ,  p r i o r  t o  a r r i v a l  of 
t h e  f l a m e  f r o n t .  Near f u e l - l e a n  f l a m m a b i l i t y  l i m i t s  ( t h e  minimum 
f u e l - a i r  r a t i o  c a p a b l e  of s u p p o r t i n g  q u a s i - s t e a d y  flame p r o p a g a t i o n ) ,  
f l a m e  s p e e d s  o f  t h e  o r d e r  o f  10 cm/sec., or less ,  may b e  c h a r a c t e r i s -  
t i c .  Any r e a s o n a b l e  c r i t e r i o n  o f  b o t h  q u i e s c e n c e  and  u n i f o r m i t y  
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Lvcopod ium Spo re Diameter 
Major Axis : 30pm k 1.5 pm 
M i nor Ax is : 25pm k 1.5 pm 
Stoichiometric Ratio 124 mg / liter 
Combust ion Enthalpv : 30.25 Mj / Kg 
Densitv 
Single Particle : 1015 Kg / rn3 
Bulk Density : 400 Kg / m3 
Adiabat ic Flame Temperature : 1975 O K  
65.8 O/o 
Analvais 
Carbon 
Oxygen : 21.9 Yo 
Nitrogen : 1.2 % 
Sulphur : 0.2 % 
Hydrogen : 9.6 Yo 
Table I : Some Properties of Lycopodium Particles. 
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c a n n o t  b e  m e t .  P o s t - m i x i n g  p e r i o d s  needed  t o  a c h i e v e  q u i e s c e n c e  
have  b e e n  es t imated t o  be o f  t h e  o r d e r  o f  10 s e c o n d s ,  f o r  e n e r g e t i c  
a c o u s t i c a l l y - i n d u c e d  m i x i n g  p r o c e s s e s .  Minimum t i m e  r e q u i r e m e n t s  
f o r  m a i n t e n a n c e  o f  a q u i e s c e n t  c l o u d ,  p r i o r  t o  f l a m e  f r o n t  a r r i v a l ,  
is o f  t h e  o r d e r  o f  10  s e c o n d s ,  o r  more. I f  t h e  c l o u d  o f  v i g o r o u s l y  
mixed p a r t i c l e s  is  t o  be a l l o w e d  t o  s e t t l e  ( o r  d r i f t )  by  no more 
t h a n  10  p e r c e n t  o f  a t u b e  d i a m e t e r  d u r i n g  a t o t a l  e x p e r i m e n t a l  t i m e  
of some 50 s e c o n d s ,  u t i l i z a t i o n  o f  e q u a t i o n  (1) i m p i i e s  t h e  need-q 
f o r  a r e d u c e d  g r a v i t y  env i ronmen t  (g*)  o f  a b o u t  10- g t o  5 x 1 0  
where  g is  t h e  a c c e l e r a t i o n  d u e  t o  normal  g r a v i t y .  ?t is c lear  
t h a t  m i x i n g  o f  lycopodium ( t o  u n i f o r m i t y )  i n  r e d u c e d  g r a v i t y  i s  a n  
easier and  s h o r t e r  t a s k  t h a n  m i x i n g  a t t e m p t s  a t  g . T h i s  r e q u i r e -  
ment f o r  a r e d u c e d  g r a v i t y  env i ronmen t  is o n e  o f  ?hree shown i n  
Table ( 2 ) .  
go 
0 
A n o t h e r  normal  g r a v i t y  o b s t a c l e  t o  ach ievemen t  o f  t h e  exper i -  
m e n t a l  o b j e c t i v e s  re la tes  t o  t h e  e f f e c t i v e  number o f  p a r t i c u l a t e s ,  
consumed by a f l a m e  f r o n t  which  p r o p a g a t e s  upwards  ( go = +1) o r  
downwards (go  = -1) a t  normal  g r a v i t y .  Even i f  t h e  p a r t i c l e  c l o u d  
were u n i f o r m  and  q u i e s c e n t  ( a t  normal  g r a v i t y )  t h e  p a r t i c l e  number 
swep t  o u t  p e r  u n i t  t i m e  by a g i v e n  q u a s i - s t e a d y  f l a m e  f r o n t  ( p r o p -  
a g a t i n g  upwards  o r  downwards) is  d i f f e r e n t .  The e f f e c t i v e  concen-  
t r a t i o n  o f  s u c h  a flame f r o n t  i s  g i v e n  by ( 4 )  - 
c * “ C  1112 - Vt _I 
0 uf 
where  c* is t h e  e f f e c t i v e  c o n c e n t r a t i o n ,  co t h e  a c t u a l  c o n c e n t r a t i o n ,  
Vt t h e  s e t t l i n g  s p e e d ,  and  Uf t h e  f l a m e  s p e e d .  The p o s i t i v e  s i g n  
c o r r e s p o n d s  t o  upwards  p r o p a g a t i o n  and t h e  n e g a t i v e  s i g n  c o r r e s p o n d s  
t o  downwards p r o p a g a t  i o n .  The upwards  p r o p a g a t i n g  f r o n t  e n j o y s  a n  
e n r i c h e d  f u e l  c o n c e n t r a t i o n .  The downwards p r o p a g a t i n g  f r o n t  exper- 
i e n c e s  a d e p l e t e d  f u e l  c o n c e n t r a t i o n .  T h i s  e f f e c t  i s  p a r t i c u l a r l y  
t r o u b l e s o m e  f o r  large d e n s e  p a r t i c l e s  and  f o r  t h e  v e r y  s l o w  f l a m e s  
a n t i c i p a t e d  i n  t h e  neighborhood of f l a m m a b i l i t y  l i m i t s .  For e x a m -  
p l e ,  a l y c o p o d i u m - a i r  f l a m e  s p e e d  o f  3 cm/sec., o b s e r v e d  i n  upwards  
p r o p a g a t i o n  would c o r r e s p o n d  t o  a n  e n r i c h e d  p a r t i c l e  c o n c e n t r a t i o n  
of C: Q, 2c0.  The same f l a m e  s p e e d  i n  downwards p r o p a g a t i o n  is  a 
p h y s i c a l  i m p o s s i b i l i t y .  I n  t h e  l a t t e r  case c* 2, 0 .  H e r e  a g a i n ,  
u s e  o f  t h e  r e d u c e d  g r a v i t y  env i ronmen t  a l l o w s - t h e  i m p o s i t i o n  o f  e f -  
f e c t i v e  l i m i t s  on  t h e  d i f f e r e n c e  be tween c*  and co,  r e g a r d l e s s  o f  
t h e  d i r e c t i o n  o f  t h e  g r a v i t y  v e c t o r .  I f  w e  r e q u i r e  t h a t  ( V t / U f ) L  0 . 0 2 ,  
w e  f i n d  t h a &  t h e  r s q u i r e d  r 3 n g e  o f  r e d u c e d  g r a v i t y  c o n d i t i o n s  is of 
t h e  o r d e r  g N 10- go - 10 go. T h i s  r e q u i r e m e n t  f o r  a r e d u c e d  g r a v -  
i t y  env i ronmen t  is o n e  of t h r e e  shown i n  T a b l e  ( 2 ) .  
Ano the r  no rma l  g r a v i t y  obs tac le  t o  ach ievemen t  of a n  i m p o r t a n t  
e x p e r i m e n t a l  o b j e c t i v e  r e l a t e s  t o  t h e  e f f e c t s  o f  buoyancy i n  f l a m e s .  
T h e s e  e f f e c t s  are well-known f o r  p u r e l y  g a s e o u s  f l a m e s  ( 1 , 1 2 - 1 4 )  and  
are  a l so  o b s e r v e d  f o r  p a r t i c l e - c l o u d  f l a m e s .  Lovachev ( 1 2 )  h a s  d i s -  
c u s s e d  t h e  r e l a t i o n  be tween a c h a r a c t e r i s t i c  t i m e  and  o t h e r  p a r a m e t e r s  
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1 Reaction zone's effective concentration 
3 Buoyancy-induced flows due to post-reaction 
zone products are to be inhibited during the 
combustion process. 
3 2  
[ t g / v ] = constant 
Lovachev, Comb. & Flame, 20, 259 (1973; Ref. : 
is to be kept close to actual: 
t 
where C = Co ( 1 * Vt / U f )  and V, / U fI 0.02 
2 The dispersed cloud is to be restricted to 
small drift during a 50 second combustion 
process, where 6 c- 0.5 cm. and P = 1 .O gmkc 
(5-J 
t - :3 
g c- 10 g - 5.0 x I O  go 
0 
(9'-la24,) 
Table 2 Experimentally Required g-Values. 
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f o r  h o t  combus t ion  p r o d u c t  buoyancy e f f e c t s  on  p remixed  f l a m e  p ropaga -  
t i o n  r a t e s .  H i s  s t u d i e s  lead t o  t h e  r e l a t i o n  
= c o n s t a n t  
V 
(3) 
where  tk  is  t h e  t i m e  ( a f t e r  i g n i t i o n )  n e c e s s a r y  f o r  t h e  deve lopment  o f  
s i g n i f i c a n t  buoyancy e f f e c t s  on f l a m e  p r o p a g a t i o n ,  g t h e  g r a v i t a t i o n a l  
c o n s t a n t ,  and  v t h e  k i n e m a t i c  v i s c o s i t y .  The c h a r a c t e r i s t i c  g r o u p  o f  
e q u a t i o n  ( 3 )  w a s  d e v e l o p e d  t h r o u g h  o b s e r v a t i o n  o f  h o t  p r o d u c t  buoyancy 
e f f e c t s  o f  p remixed  g a s e o u s  flames as a f u n c t i o n  o f  p r e s s u r e ,  a t  n o r -  
m a l  g r a v i t y .  Lovachev f i n d s  t h a t  a n  ambien t  p r e s s u r e  of o n e - t e n t h  a t -  
m o s p h e r i c  is a d e q u a t e  f o r  v i r t u a l  s u p p r e s s i o n  o f  t h i s  buoyancy e f f e c t .  
Based on  t h e  Lovachev d a t a  ( 1 2 )  and  a c o n s e r v a t i v e  es t imate  of s o m e  
50 s e c . - 1 0 0  sec.  needed  f o r  a p a r t i c l e - c l o u d  combus t jon  e x p e r i m e n t  a t  
r e d u c e d  g r a v i t y ,  it f o l l o w s  t h a t  a v a l u e  of g* = 10- go is  needed  t o  
a c h i e v e  a b o u t  t h e  same buoyancy- suppres s ion  e f f ec t s  f o r  p a r t i c l e - c l o u d  
f l a m e s  a t  r e d u c e d  g r a v i t y .  This r e q u i r e m e n t  f o r  a r e d u c e d  g r a v i t y  en-  
v i r o n m e n t  is o n e  of t h r e e  shown i n  T a b l e  ( 2 ) .  
F i n a l l y ,  w e  n o t e  a f l a m e  r e a c t i o n  z o n e  buoyancy e f f e c t  whose s i g -  
n i f i c a n c e  h a s  n o t  y e t  been  e v a l u a t e d .  I t  h a s  been  n o t e d  ( 1 4 )  t h a t  t h e  
r e a c t i o n  z o n e  r a t i o  of t h e  g r a v i t a t i o n a l  t o  D r e s s u r e  t e r m s  f o r  a f l a t  
f r e e l y  p r o p a g a t i n g  g a s e o u s  flame 
2 (P, - P,) 
- 
is  g i v e n  by t h e  r a t i o  
( 4 )  = u  
where  p1 and  p 2  are t h e  r e s p e c t i v e  d e n s i t i e s  downst ream and u p s t r e a m  
of t h e  r e a c t i o n  z o n e ,  h t h e  r e a c t i o n  z o n e  d e p t h ,  and  ( p 2  - p ) is t h e  
p r e s s u r e  d r o p  across t h e  r e a c t i o n  z o n e .  The r e a c t i o n  z o n e  t k i c k n e s s  
v a r i e s  i n v e r s e l y  w i t h  f l a m e  s p e e d .  Near t h e  f l a m m a b i l i t y  l i m i t s ,  i t  
is expected t h a t  ( h )  may become a r e l a t i v e l y  l a r g e  v a l u e .  Inasmuch as 
t h e  n e a r - l e a n - l i m i t  f l a m e  s p e e d  f o r  e x p e r i m e n t s  o f  i n t e r e s t  ( i n  t h i s  
s t u d y )  are  n o t  known, t h e  v a l u e  of u is  n o t  known and  i t s  p o s s i b l e  
s i g n i f i c a n c e  c a n n o t  b e  f u l l y  a s s e s s e d .  However, t h e  o b s e r v a t i o n s  ( 1 2 )  
t h a t  l e d  t o  e q u a t i o n  ( 3 )  s u g g e s t  t h a t  t h e  r e a c t i o n  z o n e  buoyancy e f -  
f e c t s  a re  no more s i g n i f i c a n t  t h a n  t h e  combus t ion  p r o d u c t  buoyancy e f -  
f e c t s ,  f o r  t h e  r a n g e  of s t o i c h i o m e t r i e s  s t u d i e d  and  r e p o r t e d  i n  refer-  
e n c e  ( 1 2 ) .  A p l o t  of ( 0 )  v e r s u s  e q u i v a l e n c e  r a t i o  f o r  Methane -a i r  
f l a m e s  i n  shown i n  r e f e r e n c e  1 4 .  
Based  on  t h e  a b o v e  c i t e d  c o n s i d e r a t i o n s ,  i t  4s c o n c l u d e d  t h a t  
g r a v i t a t i o n a l  c o n d i t i o n s  of t h e  o r d e r  o f  g* = 10- go are  a d e q u a t e  t o  
f u l f i l l  v i r t u a l l y  a l l  r e q u i r e m e n t s  f o r  s u p p r e s s i o n  of s e d i m e n t a t i o n  
and  buoyancy e f f e c t s .  
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3 .  PARTICLE CLOUD COMBUSTION EXPERIMENTS 
The p r i n c i p a l  o b j e c t i v e s  of t h e  m i c r o g r a v i t y  e x p e r i m e n t a l  p rogram 
are t o  o b t a i n  flame p r o p e r t y  and flame e x t i n c t i o n  l i m i t  da ta  fo r  a v a r -  
i e t y  of p r e m i x e d ,  q u i e s c e n t  two-phase combus t ion  s y s t e m s  u n d e r  n e a r  
zero g r a v i t y  c o n d i t i o n s .  I n  a p r e v i o u s  s e c t i o n ,  t h e  e s s e n t i a l  n e e d  f o r  
r e d u c e d  g r a v i t y  c o n d i t i o n s  w a s  d i s c u s s e d .  I n  s u b s e q u e n t  p a r t s  of t h i s  
r epor t ,  o n g o i n g  complementary  e x p e r i m e n t a l  and  t heo re t i ca l  s t u d i e s  are 
d i s c u s s e d .  We here d i s c u s s  t h e  p r i n c i p a l  f e a t u r e s  of these p a r t i c l e  
c l o u d  c o m b u s t i o n  e x p e r i m e n t s  a s  w e l l  as  t h e  needed  u s e  of  NASA's re- 
duced  g r a v i t y  f a c i l i t i e s .  
I t  is a n t i c i p a t e d  t h a t  s e v e r a l  of t h e  NASA r e d u c e d  g r a v i t y  f a c i l -  
i t i e s  must be employed t o  h e l p  g a t h e r  t h e  s c i e n t i f i c  d a t a  r e q u i r e d .  The  
s t u d y  o f  e x t i n c t i o n  phenomena and  f l a m e  p r o p a g a t i o n  r a t e s  o f  f u e l - l e a n  
s y s t e m s  r e q u i r e s  bo th  t h e  l o n g  r e d u c e d  g r a v i t y  t i m e  and  t h e  l o w  v a l u e s  
of t h e  g r a v i t y  l e v e l s  o f fe red  by STS. N e a r  t h e  l e a n  f l a m m a b i l i t y  l i m -  
i t s ,  ' f l ame s p e e d s  are a t  t h e i r  slowest ( p e r h a p s  s i g n i f i c a n t l y  less 
t h a n  10 cm./sec) and  t h e  r a t e  of change  of f l a m e  s p e e d  w i t h  f u e l  con- 
c e n t r a t i o n  is  a t  i t s  h i g h e s t  (9 -14) .  A c c o r d i n g l y ,  m i x i n g  t i m e s  and  
f l a m e  p r o p a g a t i o n  t i m e s  associated w i t h  a 75 c m .  l o n g  flame t u b e  a r e  
expected t o  r e q u i r e  STS c o n d i t i o n s .  However,  t h e  h i g h e r  flame p ropa -  
g a t i o n  r a t e s  o f  f u e l - r i c h  m i x t u r e s  ( w h i c h  c o u l d  be s t u d i e d  i n  STS) may 
a l so  p e r m i t  t h e  c o l l e c t i o n  of needed  s c i e n t i f i c  da t a  i n  g round-based  
f a c i l i t i e s  ( e . g . ,  a i r p l a n e  f l i g h t s  i n  K e p l e r i a n  t r a j e c t o r i e s ) .  
E x p e r i m e n t s  t o  be s t u d i e d  emphas ize  t h e  f o l l o w i n g  f e a t u r e s :  
f o r m  p a r t i c l e  c l o u d  i n  a 5 c m .  i . d .  t u b e ,  f o r  p u r p o s e s  of m e a s u r i n g  
t h e  c h a r a c t e r i s t i c  flame p r o p a g a t i o n  ra tes  and  e x t i n c t i o n  c o n d i t i o n s .  
( 2 )  D e t e r m i n a t i o n  of t h e  c h a r a c t e r i s t i c  l e a n  e x t i n c t i - o n  l i m i t s  f o r  
s u c h  s y s t e m s  r e q u i r e s  a ser ies  of e x p e r i m e n t s ,  e a c h  c o r r e s p o n d i n g  t o  
a d i f f e r e n t  s t o i c h i o m e t r y .  
( 3 )  S e v e r a l  p r o t o t y p i c a l  p a r t i c u l a t e s  are  t o  be s t u d i e d .  The f i r s t  
of t h e s e  i s  t o  be lycopodium.  P a r t i c l e  s i z e  u n i f o r m i t y ,  ba t ch  r e p r o -  
d u c i b i l i t y ,  l o w  a s h  c o n t e n t ,  and  c o m p o s i t i o n a l  c o r r e s p o n d e n c e  t o  coals  
of i n t e r e s t  make t h i s  p a r t i c l e  t y p e  o u r  f irst  c h o i c e  f o r  s t u d y .  Sub- 
s e q u e n t  s t u d i e s  of coal p a r t i c u l a t e  c l o u d s  and  o f  c e l l u l . o s e  p a r t i c u -  
l a t e s  are p l a n n e d .  
( 4 )  For any  e x p e r i m e n t  c o n d u c t e d ,  f l a m e  i n i t i a t i o n ,  flame e x t i n c -  
t i o n ,  and  end gas c o m b u s t i o n  s e q u e n c e s  are t i m e  d e p e n d e n t  p r o c e s s e s .  
P h o t o g r a p h i c  and loca l ized  flame d e t e c t o r s  are  needed  t o  e s t a b l i s h  
these p r o p e r t i e s  as  w e l l  as  s p a t i a l  regimes of q u a s i - s t e a d y  flame p r o -  
p a g a t i o n .  T h e s e  a l so  e s t a b l i s h  flame s t r u c t u r e  p r o p e r t i e s .  The same 
loca l i zed  detector  a r r ays  are t o  be u s e d  t o  h e l p  c h a r a c t e r i z e  p a r t i c l e  
(1) E s t a b l i s h m e n t  and  c e r t i f i c a t i o n  o f  a n  a d e q u a t e l y  q u i e s c e n t ,  u n i -  
c l o u d  u n i f o r m i t y  p r i o r  t o  i g n i t i o n .  I n f o r m a t i o n  on u n s t e a d y ,  m u l t i -  
d i m e n s i o n a l  f e a t u r e s  of t h e  phenomena is t o  be r e c o r d e d  p h o t o g r a p h i c -  
a l l y .  
D e t a i l e d  p r e l i m i n a r y  d e s i g n  i n f o r m a t i o n  r e g a r d i n g  t h e s e  exper i -  
men t s  is  g i v e n  i n  r e f e r e n c e s  4 , 2 2 , 2 3 .  N e v e r t h e l e s s ,  i t  is  i m p o r t a n t  
t o  i d e n t i f y  h e r e  t h e  e x p e r i m e n t s  t h a t  a re  c o n s i d e r e d  t o  be p r i m a r y .  
The STS e x p e r i m e n t s  are  t o  b e  s u p p o r t e d  i m p o r t a n t l y  by complementary  
ground-based  s t u d i e s .  Bo th  classes of s t u d i e s  i n v o l v e  t h e  s e q u e n t i a l  
s t u d y  of  v a r i e d  c o n c e n t r a t i o n s  of lycopodium s u s p e n d e d  i n  a n  o x i d i -  
z i n g  g a s e o u s  a t m o s p h e r e  ( a i r ) .  
The s t u d y  o f  l o w  b u r n i n g  v e l o c i t i e s  ( l e s s  t h a n  10 cm/seconds )  
and  t h e  r a p i d  c h a n g e s  i n  b u r n i n g  v e l o c i t y  i n  t h e  ne ighborhood  o f  l e a n  
f l a m m a b i l i t y  l i m i t s  r e q u i r e s  t h e  l o n g  m i c r o g r a v i t y  c o n d i t i o n s  o f  STS. 
For a r a n g e  o f  f u e l - r i c h  f l a m e s ,  b u r n i n g  v e l o c i t i e s  are  h i g h , p r o b a b l y  
on  t h e  o r d e r  of o r  g r e a t e r  t h a n  15 cm/second.  T h e s e  flame s p e e d s  are  
r e l a t i v e l y  i n s e n s i t i v e  t o  s t o i c h i o m e t r y  v a r i a t i o n s ,  and  e x t i n c t i o n  
c o n d i t i o n s  a re  n o t  a p p r o a c h e d .  For s u c h  f l a m e s ,  g round-based  f a c i l i -  
t i e s  may be a d v a n t a g e o u s l y  employed.  For t h e s e  l a t t e r  s t u d i e s ,  com- 
b u s t i o n  t i m e s  a re  l e s s  t h a n  5 s e c o n d s  wh ich ,  u n d e r  i d e a l  a i r c r a f t  
m i c r o g r a v i t y  c o n d i t i o n s , t h e n  a l lows  some 10 t o  15 s e c o n d s  f o r  comple-  
t i o n  o f  a m i x i n g  p r o c e s s .  A i r c r a f t - b a s e d  e x p e r i m e n t s  a l s o  p e r m i t  ex-  
t e n s i v e  i n v o l v e m e n t  of a n  e x p e r t  combus t ion  s c i e n t i s t .  The a n t i c i -  
p a t e d  s i m p l e  d e p e n d e n c e  of  r i c h  m i x t u r e  b u r n i n g  v e l o c i t y  on s t o i c h i -  
ome t ry  p e r m i t s  t h e  e x p e r i m e n t a l  s t u d y  of t h e s e  r e l a t i o n s h i p s  w i t h  
o n l y  a s m a l l  number o f  e x p e r i m e n t s .  The e x p e r i m e n t a l  t e s t  ma t r ix  f o r  
l e a n  and  n e a r  s t o i c h i o m e t r i c  m i x t u r e  e x p e r i m e n t s  i s  shown i n  Table  ( 3 )  
The e x p e r i m e n t a l  t e s t  m a t r i x  f o r  r i c h e r  m i x t u r e  e x p e r i m e n t s  is shown 
i n  T a b l e  ( 4 ) .  The " E q u i v a l e n c e  R a t i o " ,  shown i n  T a b l e s  3 and 4 ,  is a 
measu re  of  t h e  s u s p e n d e d  p a r t i c l e  c o n c e n t r a t i o n  and  is  d e f i n e d  as t h e  
a c t u a l  f u e l - a i r  m a s s  r a t i o  d i v i d e d  by t h e  s t o i c h i o m e t r i c  f u e l - a i r  
mass r a t i o .  I t  i s  a n t i c i p a t e d  t h a t  t h e  e x p e r i m e n t a l  tes t  ma t r ix  d i s -  
p l a y e d  on  T a b l e  3 r e q u i r e s  t h e  u s e  o f  t h e  STS. However,  t h e  e x p e r i -  
m e n t a l  tes t  matr ix  of T a b l e  4 may b e  c o n d u c t e d  i n  ground-based  f a c i l i -  
t i e s ,  i f  acceptable c l o u d  u n i f o r m i t y  c a n  be a c h i e v e d  i n  a s h o r t  t i m e  
p e r i o d  of m i c r o g r a v i t y .  
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The matrices o f  t a r g e t  e q u i v a l e n c e  r a t i o s  w e r e  se lected on  t h e  
b a s i s  o f  s t u d i e s  t o  d a t e  and  t h e  r e q u i r e m e n t  t h a t  t h e  e q u i v a l e n c e  
r a t i o  o f  t h e  e x t i n c t i o n  l i m i t  b e  d e t e r m i n e d  t o  a n  a c c u r a c y  of a b o u t  
f i v e  p q m e n t .  
I t  a p p e a r s  c e r t a i n  t h a t  t h e s e  w i l l  l e a d  t o  q u a s i - s t e a d y  f l a m e  
p r o p a g a t i o n .  A l though  t h e  l e a n  e x t i n c t i o n  l i m i t  i s  n o t  w e l l  known, 
i t  is e x p e c t e d  t h a t  t h e  l e a n  f l a m m a b i l i t y  w i l l  be e n c o u n t e r e d  f o r  
@ < 1 . 0  b u t  above  @ 'L 0 . 5 .  A c c o r d i n g l y ,  f o r  l e a n  m i x t u r e  s t u d i e s ,  
w e  would c h o o s e  t o  g i v e  f i r s t  p r i o r i t y  t o  t h e  c l o u d  s t o i c h i o m e t r i e s  
shown i n  T a b l e .  3. 
I n  s u b s e q u e n t  l e a n  m i x t u r e  e x p e r i m e n t s ,  i t  is e x p e c t e d  t h a t  
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- 
'6 
- 
0.84 
- 
TBC 
- 
1 .o 
1 .o 
1.2 
- 
TBC 
- 
1 .o 
- 
Particle Type 
Lycopodium 1.3 1.2 1.1 1 .o 0.92 0.78 
- 
TBD 
- 
0.85 
0.85 
1 .oo 
- 
TBC 
- 
0.85 
- 
0.72 
- 
TBD 
- 
0.75 
0.75 
0.90 
- 
TBD 
- 
0.75 
** Lycopodium Plus 
Inert Particles 
TBD TBD TBD TBD TBD 
2.0 
2.4 
2.8 
1.8 
2.0 
2.4 
1.6 
1.6 
2.0 
1.4 
1.4 
1.6 
1.2 
1.2 
1.4 
25 pm Pocahontas Coal 
* 40 pm Pocahontas Coal 
* 55 prn Pocahontas Coal 
** 25 pm Pocahontas Plus 
Inert Particles TBD TBD TBD TBD TBD 
25 p m  Cellulose 2.0 1.6 1.4 1.2 
Table (3) : Experimental Test Matrix For PCCE Studies of Lean and Near- 
Stoichiometric Mixtures. 
* Eight experiments are anticipated for each particle type. Each of 
these experiments is for a different stoichiometry. 
Two differnt fuel-to-inert mass ratios are to be investigated for ** 
each stoichiometry and fuel-to-inert mass ratios will be selected 
on the basis of results of earlier inert-free studies. 
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+C % 
- 
6.0 
Particle Type 
Lycopodium 1.3 2.0 3.0 4.0 5.0 
Lycopodium Plus 
Inert Particles 
TBD TBD TBD TBD TBD TBC 
- 
7.0 
7.0 
7.0 
- 
TBC 
- 
7.0 
- 
5.0 
5.0 
5.0 
6.0 
6.0 
6.0 
2.0 
2.4 
2.8 
3.2 
3.2 
3.2 
4.0 
4.0 
4.0 
25 prn Pocahontas Coal 
40 prn Pocahontas Coal 
55 pm Pocahontas Coal 
25 pm Pocahontas Plus 
Inert Particles TBD TBD 
- 
3.0 
TBD TBD TBD 
5.0 6.0 2.0 4.0 25 pm Cellulose 
Table (4) : Experimental Test Matrix For PCCE Studies of Rich Mixtures 
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o t h e r  p a r t i c u l a t e  s p e c i e s  ( e . g . ,  coa l ,  c e l l u l o s e )  and  la rger  p a r t i -  
c l e  s i zes  w i l l  b e  s t u d i e d .  N e v e r t h e l e s s ,  i t  is  e x p e c t e d  t h a t  a s i n -  
g l e  s e q u e n c e  o f  e x p e r i m e n t s  w i l l  be s u f f i c i e n t  t o  d e t e r m i n e  f l a m e  
p r o p a g a t i o n  and  e x t i n c t i o n  c h a r a c t e r i s t i c s  f o r  any  p a r t i c l e  c l o u d  
t y p e  t o  a c c u r a c i e s  o f  f i v e  p e r c e n t  o r  b e t t e r .  
Shou ld  s u b s e q u e n t  f l i g h t  o p p o r t u n i t i e s  p e r m i t ,  p a r t i c l e  m i x -  
t u r e s  and  p a r t i c l e  s i z e  m i x t u r e s  would b e  p r o p o s e d  f o r  s imi la r  S tud -  
ies  o f  f l a m e  p r o p a g a t i o n  and  e x t i n c t i o n  c o n d i t i o n s .  The roles  o f  
i n e r t  p a r t i c u l a t e  c o n s t i t u e n t s  are  o f  s p e c i a l  f u n d a m e n t a l  i n t e r e s t  
i n  q u e s t i o n s  of i n d u s t r i a l  s a f e t y  and  d u s t  f l a m m a b i l i t y  ( R e f s .  6,31). 
An e x p e r i m e n t a l  t es t  matr ix  f o r  t h e  p r o p o s e d  56 STS t e s t s  is 
g i v e n  i n  T a b l e  3 .  Al though  it h a s  been  assumed h e r e  t h a t  t h e r e  w i l l  
be 8 t e s t s  per  f l i g h t ,  d e s i g n  c o n s i d e r a t i o n s  may p r e s c r i b e  a smal le r /  
larger number.  F i g u r e s  (1) and ( 2 )  g i v e  t h e  a p p a r a t u s  s c h e m a t i c s .  
The r i c h  m i x t u r e  e x p e r i m e n t s  p r o p o s e d  f o r  a i r c r a f t  tests (shown 
i n  T a b l e  4 )  w i l l  p e r m i t  t h e  e x p e r i m e n t a l  s t u d y  t o  d e t e r m i n e  k i n e t i c s  
o f  p y r o l y s i s  e f f e c t s  on f l a m e  p r o p a g a t i o n  t h e o r y  and  t o  d e t e r m i n e  
b u r n i n g  v e l o c i t y  b e h a v i o r  o v e r  a wide  e q u i v a l e n c e  r a t i o  r a n g e .  
A number of g e n e r i c  a p p a r a t u s ,  p r o b e ,  f u e l ,  da t a  r e c o r d e r  and  
m i s s i o n  s p e c i a l i s t  s u p p o r t  f e a t u r e s  are r e q u i r e d  by t h e  e x p e r i m e n t s  
p l a n n e d .  D e t a i l e d  a r g u m e n t s  s u p p o r t i n g  t h e  s p e c i f i c a t i o n  o f  t h e s e  
g e n e r i c  e l e m e n t s  o f  t h e  e x p e r i m e n t a l  p rogram are g i v e n  i n  t h e  s c i e n c e  
r e q u i r e m e n t s  (Reference 2 4 ) , T h e  major s c i e n c e  r e q u i r e m e n t s  and  t h e i r  
p o s s i b l e  i m p l i c a t i o n s  r e g a r d i n g  e n g i n e e r i n g  d e s i g n  are  d i s c u s s e d  i n  
t h e  f o l l o w i n g  s u b s e c t i o n s :  
(1) A flame t u b e  o f  0 .05 2 0 . 0 0 2  meter i . d .  is s e l e c t e d ,  by 
d e f i n i t i o n  and  by  c o n v e n t i o n a l  p r a c t i c e ,  t o  h e l p  d e f i n e  f l a m e  
p r o p a g a t i o n  and  e x t i n c t i o n  c o n d i t i o n s  f o r  any  q u i e s c e n t  f u e l - a i r  
m i x t u r e .  The t u b e  must  b e  l o n g  enough t o  a s s u r e  o b s e r v a b l e  
q u a s i - s t e a d y  flame p r o p a g a t i o n  ( w i t h i n  t h e  e x t i n c t i o n  l i m i t s )  
and  s t r o n g  enough t o  s a f e l y  c o n t a i n  a l l  p o s s i b l e  c o m b u s t i o n  p r o -  
cesses. P r e J i m i n a r y  e x p e r i m e n t s  i n d i c a t e  t h a t  a t u b e  l e n g t h  o f  
a b o u t  0.75 - C.002  meters is s u i t a b l e .  Go ld -coa ted  t u b e s  are  
n e c e s s a r y  i n  order  t o  a d e q u a t e l y  impose r a d i a l  boundary  c o n d i -  
t i o n s .  I n  some cases, t h e  e l e c t r i c a l l y  c o n d u c t i v e  p r o p e r t i e s  o f  
g o l d - c o a t e d  t u b e s  may a l s o  be n e c e s s a r y  t o  s u p p r e s s  p a r t i c l e -  
w a l l  a d h e s i o n .  A i r c r a f t  s t u d i e s  o f  r i c h  m i x t u r e s  w i t h  b o t h  g o l d -  
c o a t e d  and  u n c o a t e d  t u b e s  w i l l  p e r m i t  s u b s e q u e n t  s e l e c t i o n  o f  
t u b e  c o a t i n g s  f o r  STS f l i g h t s .  
( 2 )  T e s t  f u e l  p a r t i c l e  t y p e s  a re  lycopodium,  s e l e c t e d  c o a 2 ,  and  
c e l l u l o s e .  Lycopodium p a r t i c l e  c l o u d s  a re  t o  be s t u d i e d  f i r s t .  
( 3 )  P a r t i c l e  c l o u d  e q u i v a l e n c e  r a t i o s  are d e t e r m i n e d  by t h e  con-  
c e n t r a t i o n  o f  s u s p e n d e d  p a r t i c u l a t e s ,  r a t h e r  t h a n  t h e  t o t a l  num- 
of p a r t i c u l a t e s  w i t h i n  t h e  f l a m e  t u b e .  Methods o f  r e d u c i n g  t h e  
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w a l l  s u r f a c e  d e n s i t y  o f  p a r t i c u l a t e s  h a v e  been  i d e n t i f i e d .  Even 
f o r  e x t r e m e l y  s m a l l  w a l l  s a t u r a t i o n  e f f e c t s ,  w a l l  s u r f a c e  d e n s i -  
t i e s  must  b e  known i n  o r d e r  t h a t  suspended  p a r t i c u l a t e  concen-  
t r a t i o n s  c a n  be d e t e r m i n e d .  D u r i n g  i n - f l i g h t  e x p e r i m e n t a t i o n ,  
-- i n  s i t u  d e t e r m i n a t i o n  o f  f u e l - a i r  e q u i v a l e n c e  r a t i o  is  t o  be de-  
r i v e d  f rom c l o u d  o p t i c a l  a t t e n u a t i o n  measu remen t s .  To  a c h i e v e  
a d e q u a t e  a c c u r a q y  i n  t h e  d e t e r m i n a t i o n  of f l a m m a b i l i t y  l i m i t s ,  
a p r e c i s i o n  o f  -5 p e r c e n t  is r e q u i r e d  i n  t h e  measurement  of p a r -  
t i c l e  c o n c e n t r a t i o n .  I n  t h i s  r e g a r d ,  o p t i c a l  p r o b e  s o u r c e  and  
d e t e c t o r  windows yay  employ s p e c i a l  w a l l  s a t u r a t i o n  s u p p r e s s i o n  
t e c h n i q u e s .  The -5 p e r c e n t  p r e c i s i o n  r e q u i r e m e n t  r e l a t e s  b o t h  
t o  mean v a r i a t i o n  o b s e r v e d  a t  any  o n e  o p t i c a l  a t t e n u a t i o n  s t a -  
t i o n  and  t h e  d e v i a t i o n  f rom t h e  mean, t a k e n  f o r  t h e  s e v e r a l  op-  
t i c a l  a t t e n u a t i o n  measurements  o v e r  a 10-second t i m e  p e r i o d  
( d u r i n g  o r b i t a l  f l i g h t ) .  
( 4 )  P r e p a r a t i o n  of t h e  p a r t i c l e  c l o u d  i n  m i c r o g r a v i t y  r e q u i r e s  
t h a t  p a r t i c l e  m i x i n g  t e c h n i q u e s  be employed.  Where v i g o r o u s  
a c o u s t i c  m i x i n g  is employed ,  t u r b u l e n c e  and  s e c o n d a r y  f l o w  d e c a y  
t i m e s  are  on  t h e  o r d e r  o f  10 s e c o n d s .  
( 5 )  The d e s i r e d  v a l u e  o f  p r e s s u r e  f o r  t h e  e x p e r i m e n t  is  p = l  a t m ,  
t o  d i r e c t l y  r e l a t e  t o  norma l  g r a v i t y  e x p e r i m e n t s .  A l though  t h e  
combus t ion  processes u n d e r  i n v e s t i g a t i o n  do  n o t  v a r y  s u b s t a n -  
t i a l l y  o v e r  a s m a l l  i n i t i a l  p r e s s u r e  r a n g e  i n  t h e  n e i g h b o r h o o d  
of p = 1 a t m ,  i t  is i m p o r t a n t  t h a t  p r e s s u r e  b e  c o n s t a n t  d u r i n g  
$he combus t ion  e v e n t .  
- 0 . 2  p s i / s e c o n d  is needed  d u r i n g  t h e  combus t ion  e v e n t .  
( 6 )  S u c c e s s f u l  i g n i t i o n  o f  a q u a s i - s t e a d y  f l a m e  is best  a c h i e v e d  
and  i d e n t i f i e d  when a n  e n e r g e t i c  i g n i t e r  ( e . g . ,  n i t r o c e l l u l o s e )  
and  a n  o v e r s i z e d  i g n i t i o n  s e c t i o n  ( e . g . ,  7 . 5  c m .  i . d .  x 1 2  c m .  
l o n g )  a re  employed.  
( 7 )  
p e r i m e n t a t i o n +  
s t a b i l i i y  o f  -2'K per  m i n u t e  d u r i n g  t h e  e x p e r i m e n t .  
i t y  of -4'K o v e r  t h e  t u b e  l e n g t h  is  r e q u i r e d .  
( 8 )  
s t e a d y .  
s t a b i l i t y  of -1 x 10- g .  
t o l e ra t ed  i n  t h e  a i r c r a f t  e x p e r i m e n t s .  I t  is r e c o g n i z e d  t h a t  
t h e  d e s i r e d  g - l e v e l  may n o t  be s a t i s f i e d  a t  a l l  t i m e s  on  t h e  STS. 
T h e r e f o r e ,  f o r  STS e x p e r i m e n t s ,  tests s h o u l d  be c o n d u c t e d  d u r i n g  
" q u i e t  p e r i o d s " ,  and  t h e  s y n c h r o n i z e d  g - l e v e l  r e c o r d e d  a t  a f r e -  
quency  of 1 HZ d u r i n g  t h e  e n t i r e  e x p e r i m e n t .  
( 9 )  A i r  c o m p o s i t i o n  s h o u l d  b e  "normal"  and  "dry" w i t h  79 p e r -  
cent N2 and  2 1  p e r c e n t  0 
(10 )  N e a r - f i e l d  camera f r a m i n g  ra tes  are  t o  be 1 0 0 / s e c o n d  i n  or-  
d e r  t o  a c h i e v e  s u f f i c i e n t  r e s o l u t i o n  i n  t i m e .  I t  is d e s i r e d  t o  
have  a camera f i e l d  of v i ew s u c h  t h a t  t h e  e n t i r e  f l a m e  t u b e  is 
c o n t a i n e d  t h e r e i n .  A f u l l  v iew o f  t h e  t u b e ' s  l e n g t h ,  i n c l u d i n g  
A p r e s s u r e  s t a b i l i t y  o f  a p p r o x i m a t e l y  
Ambient t e m p e r a t u r e  c o n d i t i o n s  s h o u l d  be s t a b l e + d u r i n g  ex- 
I n i t i a l  t e m p e r a t u r e  s h o u l d  b e  294'K - 6 O K  w i t h  a 
A un i fo rm-  
E f f e c t i v e  g r a v i t a t i o n a l  c o n d i t i o n s  s h g u l d  be s m a l l  and  
A g-$eve1 e n ~ i r o n m e n t ,  of 5 x 10- g i s  d e s i r e d 2 w i t h  a 
H i g h e r  g - l e v e l s  up  t o  5 x 10- g c a n  be 
2.  
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Figure 1 : Flame Tube Assembly, Particulate Cloud Combustion 
Experiment. 
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Experiment. 
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t h e  i g n i t i o n  zone,  must b e  w i t h i n  t h e  f i e l d  o f  v i ew i n  o r d e r  t o  
a d e q u a t e l y  e s t a b l i s h  t h e  s t e a d i n e s s  p r o p e r t i e s  of t h e  f l a m e .  F i l m  
r e c o r d s  must  b e  s y n c h r o n i z e d  t o  0.005 s e c o n d s  w i t h  t h e  measu red  
d a t a .  
(11) M i s s i o n  s p e c i a l i s t  i n v o l v e m e n t ,  w h e r e v e r  p o s s i b l e ,  i s  de-  
s i r e d .  T h r e e  d i m e n s i o n a l  and  t ime-dependen t  combus t ion  e f f e c t s  
may b e  o b s e r v e d  by t h e  m i s s i o n  s p e c i a l i s t  d i r e c t l y ,  and  by l o n g  
f o c a l  l e n g t h  mot ion  p i c t u r e  p h o t o g r a p h y  ( m i s s i o n  s p e c i a l i s t  o p e r -  
a t e d ) .  I n  t h e  ne ighborhood  o f  e x t i n c t i o n  l i m i t s ,  it is  n e c e s s a r y  
t o  d i s t i n g u i s h  a n  i n a d e q u a t e  i g n i t i o n  attempt from a n  e x t i n g u i s h e d  
f l a m e  phenomenon. A m i s s i o n  s p e c i a l i s t  ( w i t h  minimal  t r a i n i n g )  
c a n  p r o v i d e  i n v a l u a b l e  h e l p  i n  making t h e s e  o b s e r v a t i o n s .  I n  t h e  
a b s e n c e  of  a m i s s i o n  s p e c i a l i s t ,  t w o  p h o t o g r a p h i c  v i e w s  o f  t h e  
f l a m e  t u b e ,  90 o f f s e t  ( a p p r o x i m a t e l y )  f rom e a c h  o t h e r  is r e q u i r e d .  
The s c h e m a t i c s  o f  a n  i n d i v i d u a l  f l a m e  t u b e  assemby as w e l l  a s  a n  
e i g h t  f l a m e  t u b e  e x p e r i m e n t a l  a r r a n g e m e n t  is  shown i n  F i g u r e s  (1) and  
( 2 ) .  D e t a i l e d  summaries  o f  t h e  e s s e n t i a l  e x p e r i m e n t a l  a p p a r a t u s  re- 
q u i r e m e n t s  ( f o r  b o t h  STS e x p e r i m e n t s  and  a i r c r a f t  f l i g h t s )  are  g i v e n  
i n  r e f e r e n c e  ( 2 4 ) .  
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4. SOME ADDITIONAL CONSIDERATIONS 
FOR PARTICLE CLOUD COMBUSTION EXPERIMENTS 
A combustible system's experimentally-determined flammability 
limits, quenching limits and pressure limits are not completely inde- 
pendent of one another (1-4, 18-20). Comprehensive theoretical con- 
sideration of premixed flame existence limits is complicated by the 
substantial effects that gravitational conditions may impose. Tract- 
able combustion theory is rarely more than one-dimensional. Free con- 
vective flows are generally three-dimensional. Upward (g = +1) flame 
propagation limits are generally wider than downward (g = -1) propa- 
gation limits. Findings to date show that this general combustion 
limit behavior obtains for both premixed gaseous and premixed parti- 
cle cloud flames (10). This behavior also obtains for burner-stab- 
ilized (10) as well as for freely propagating flames (1-4, 10-14). 
Recent studies (10) of burner-stabilized lycopodium-air flames 
have b e y  carried out under all three conditions of interest, 
g = 0 ,  -1. A single, fully self-contained apparatus was used for all 
three gravitational conditions. The g = 0 data (10,ll) were ob- 
tained at the NASA-Lewis Research Center 2.2  second drop tower faci$- 
ity. It may be surprising that no similar studies of other g = 0, -1 
stabilized flames have been reported, either for premixed gaseous 
systems o r  for premixed particle cloud systems. These recent find- 
ings (10,ll) are derived from a burner apparatus capable of measuring 
heat transfer rates to the burner lip and capable of thermocouple 
probing of flame structure. Figure ( 3 )  is a schematic of the burner 
apparatus. Figure (4), ( 5 ) ,  and ( 6 )  show the measured heat transfer 
rates from stabilized lycopodium-air flames to the burner lip. 
Figure (7) shows th$ee flame temperature structures, for the three 
conditions, g = 0, -1. The findings of references (10) and (11) for 
stabilized lycopodium-air flames appear to describe stabilized flame 
properties expected for both premixed particle cloud flames -- as well 
-- as for many premixed gaseous flame systems. These findings include 
the following: 
(1) Omnidirectional heat losses sustained by the upstream flame 
struciure at g = 0 are smaller than those for the other two modes 
(g = -1) and results in substantially higher peak temperatures for 
the g = 0 case. 
(2) Omnidirectional heat losses sustained by the upstream flame 
structure at g = +1 are smaller than those for the g = -1 case. This 
helps to account for the wider stability limits at g = +l than are 
observed at g = -1. 
( 3 )  Buoyancy effects move the g = +1 flame closer t o  the cold boun- 
dary (than is the case for g = 0). Buoyancy effects move the g = -1 
flame further away from the cold boundary. This helps to account f o r  
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Figure 4: Volumetric Heat Loss Flux for Stabilized Lycopodium- 
Air Flames for a Flame Velocity of 17.1 cm/sec. 
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t h e  l a rger  co ld  boundary  h e a t  losses a t  g = +l t h a n  a re  o b s e r v e d  f o r  
( 4 )  From ( 2 )  and  ( 3 ) ,  a b o v e ,  i t  f o l l o w s  t h a t  u p s t r e a m  t r a n s v e r s e  
h e a r  losses  a t  g = -1 are  l a r g e r  t h a n  t h o s e  a t  g = +l. 
( 5 )  From ( 2 )  - ( 4 ) ,  a b o v e ,  i t  fo l lows  t h a t  l a rge  o m n i d i r e c t i o n a l  
h e a t  losses ( r a t h e r  t h a n  s i m p l y  c o l d  boundary  h e a t  losses)  l e a d  t o  
n a r r o w i n g  o f  t h e s e  f l a m e  s t a b i l i t y  l i m i t s .  
( 6 )  From (1) - ( 5 ) ,  a b o v e ,  i t  fo l lows  t h a t  f l a m e  s t a b i l i t y  l i m i t  
t h e o r y  r e q u i r e s  i n c l u s i o n  of o m n i d i r e c t i o n a l  h e a t  l o s s  ra tes .  T h i s  
g e n e r a l  o b s e r v a t i o n  a p p l i e s  t o  b o t h  p u r e l y  g a s e o u s  f l a m e s  a s  w e l l  a s  
t o  p a r t i c l e - c l o u d  f l a m e s .  
( 7 )  The d a t a  show t h a t  c o l d  boundary  h e a t  losses  d u e  t o  m o l e c u l a r  
c o n d u c t i v e  processes are a s m a l l  f r a c t i o n  o f  t h e  t o t a l  h e a t  l o s s  r a t e  
t o  t h e  co ld  boundary .  These  d a t a ,  t a k e n  t o g e t h e r  w i t h  t h e  o b s e r v e d  
t e m p e r a t u r e  s t r u c t u r e s  show t h a t  r a d i a t i v e  o m n i d i r e c t i o n a l  losses  are 
large and  t h a t  g r a v i t a t i o n a l l y  i n d u c e d  t r a n s v e r s e  losses c a n  b e  s i g -  
n i f  i c a n t  . 
g = -1. 
Commonly employed n o n - a d i a b a t i c  f l a m e  t h e o r y  ( 2 )  (for s t a b i l i z e d  
flames) is  g e n e r a l l y  o n e - d i m e n s i o n a l  and  d o e s  n o t  t a k e  a c c o u n t  of 
g r a v i t a t i o n a l  e f f e c t s .  Recen t  t h e o r e t i c a l  e f f o r t s  t o  c o n s i d e r  g r a v i -  
t a t i o n a l  e f f e c t s  ( 2 5 )  ( i n  o n e  d i m e n s i o n )  and t o  c o n s i d e r  two-dimen- 
s i o n a l  f l o w s  ( 1 8 , 2 6 )  ( w i t h o u t  g r a v i t a t i o n a l  e f f e c t s )  r e p r e s e n t  prom- 
i s i n g  starts t o  more g e n e r a l  r e p r e s e n t a t i o n s .  Flame p r o p a g a t i o n  and  
e x t i n c t i o n  t h e o r y  r e c e n t l y  employed f o r  p a r t i c l e  c l o u d  combus t ion  
g e n e r a l l y  f a i l s  t o  a c c o u n t  f o r  t r a n s v e r s e  r a d i a t i v e  losses (9,19,20, 
2 7 ) .  
An i n t e r e s t i n g  a s p e c t  of o t h e r  s t u d i e s  o f  q u a s i - s t e a d y ,  b u r n e r -  
s t a b i l i z e d  p a r t i c l e  cloud flames c o n c e r n s  t h e  e f f e c t s  of  p a r t i c l e  
s e d i m e n t a t i o n .  I n  g e n e r a l ,  t h e  e x p e r i m e n t e r  f i x e s  t h e  p a r t i c l e  num- 
b e r  f l u x  t h a t  is t o  s u p p o r t  t h e  s t e a d y ,  s t a b i l i z e d  f l a m e .  Cold  gas 
p a r t i c l e  c o n c e n t r a t i o n s  are g r a v i t a t i o n a l l y  i n f l u e n c e d  and  are de-  
t e r m i n e d  f rom 
1 1  
1 1  
g 
where  h is t h e  number f l u x  p e r  u n i t  a r e a ,  Vt t h e  s e t t l i n g  s p e e d ,  V 
t h e  e x p e r i m e n t e r - i m p o s e d  gas s p e e d ,  and  co i s  t h e  v o l u m e t r i c  number 
c o n c e n t r a t i o n  of p a r t i c u l a t e s .  The p o s i t i v e  s i g n  i s  u s e d  where  set-  
t l i n g  v e l o c i t i e s  a n d  gas v e l o c i t i e s  are  p a r a l l e l .  The g a s e o u s  f l u x  
is g i v e n  by 
and  t h e  e q u i v a l e n c e  r a t i o  ( d e f i n e d  t o  b e  t h e  f u e l / o x i d i z e r  m a s s  f l u x e s  
d i v i d e d  by t h e  s t o i c h i o m e t r i c  f u e l / o x i d i z e r  m a s s  f l u x  r a t i o )  i s  g i v e n  
by 
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where  M is  a ( s t o i c h i o m e t r i c  f a c t o r )  c o n s t a n t .  We may a l s o  d e f i n e  (I* 
as  t h e  g a t i o  of f u e l  t o  o x i d i z e r  mass d e n s i t i e s  d i v i d e d  by t h e  s t o i c h -  
iometric f u e l / o x i d i z e r  m a s s  d e n s i t y  r a t i o  
0 C $ *  = 
p g  MP 
For p u r e l y  g a s  p h a s e  s y s t e m s ,  (I and (I* are  i d e n t i c a l .  T h i s  i s  g e n e r -  
a l l y  n o t  t h e  case f o r  f l o w i n g  p a r t i c l e  c l o u d  s y s t e m s .  The m a g n i t u d e s  
and  d i r e c t i o n s  o f  Vt and  V 
m e n t s  are c a r r i e d  o u t  n e a r g f l a m m a b i l i t y  l i m i t s  ( l o w  v a l u e s  of V ) and  
f o r  l a r g e  p a r t i c l e  s i ze s  ( h i g h  v a l u e s  of V t ) .  These  e f f e c t s  a r g  gen-  
e r a l i y  i m p o r t a n t  b u t  n o t  a n a l y z e d  i n  t h e  body of d a t a  p r o v i d e d  by 
g = -1 b u r n e r  s t a b i l i z e d  s t u d i e s .  C o n s i d e r ,  f o r  example ,  t h e  d a t a  de-  
r i v e d  f rom t h e  v e r y  c a r e f u l  e x p e r i m e n t a l  s t u d i e s  r e p o r t e d  i n  r e f .  ( 8 ) .  
Those  d a t a  ( 8 )  a re  shown i n  F i g u r e  ( 8 )  and  show f l a m e  s p e e d  v e r s u s  
p a r t i c l e  c o n c e n t r a t i o n  f o r  b u r n e r - s t a b i l i z e d  P o c a h o n t a s  coal  d u s t - a i r  
f l a m e s .  Flow w a s  downward, flame p r o p a g a t i o n  upward.  The a p p a r a t u s  
u s e d  ( 8 )  w a s  n o t  c a p a b l e  o f  p e r f o r m i n g  downward f l a m e  p r o p a g a t i o n  
s t u d i e s .  L e f t  u n r e s o l v e d  a re  t h e  f o l l o w i n g  e x p e r i m e n t a l  ( a n d  t h e o -  
r e t i c a l )  i s s u e s :  What downward p r o p a g a t i n g  f l a m e  speeds  would be 
m e a s u r e d ,  i f  t h e  a p p a r a t u s  c o u l d  accomodate  t h e  o b s e r v a t i o n s ?  What 
are t h e  effects  of s e d i m e n t a t i o n ,  p a r t i c u l a r l y  where  f l a m e  s p e e d  v a l -  
u e s  are lowest  ( a n d  f l a m e  s t a b i l i t y  is m a r g i n a l ) ?  A s  one i n v e s t i -  
g a t e s  larger  a n d  l a r g e r  p a r t i c l e  s i z e s ,  a p a r t i c l e  s i z e  regime is 
r e a c h e d  where  no  f l a m e  p r o p a g a t i o n  i s  o b s e r v a b l e  i n  -- downward f l a m e  
p r o p a g a t  i o n  ( V  To what e x t e n t  i s  f l a m e  e x t i n c t i o n  d u e  t o  
f ec t s?  To what e x t e n t  is t h i s  d u e  t o  l o w  v o l u m e t r i c  v a p o r i z a t i o n -  
p y r o l y s i s  ra tes  a s s o c i a t e d  w i t h  i n c r e a s e d  p a r t i c l e  s i z e  h e a t  t r a n s f e r  
e f f ec t s?  C l e a r l y ,  mixed paTt ic le  s i z e ,  b u r n e r - s t a b i l i z e d  f l a m e s  are 
i m p o s s i b l e  t o  s t u d y  a t  g = -1, where  p a r t i c l e  s e t t l i n g  s p e e d s  are a 
s i g n i f i c a n t  f r a c t i o n  o f  t h e  f u n d a m e n t a l  f l a m e  s p e e d s .  
becomes e x c e e d i n g l y  i m p o r t a n t  as expe r i -  
buoyancy e x t e n t  is t h i s  d u e  t o  s e d i m e n t a t i o n  e f -  
Our f o r t h c o m i n g  r e d u c e d  g r a v i t y  e x p e r i m e n t s  ( s t a r t i n g  w i t h  Kep- 
l e r i a n  t r a j e c t o r i e s  i n  a i r c r a f t )  are p l a n n e d  ( 2 4 )  t o  i n c l u d e  t h e  u s e  
o f  bo th  i n f r a r e d  r e f l e c t i v e  w a l l  c o a t i n g s  and  i n  o t h e r  cases, i n f r a -  
r e d  a b s o r b i n g  flame t u b e  s u r f a c e s .  C o m p u t a t i o n a l  methods  r e c e n t l y  
employed f o r  t w o - d i m e n s i o n a l ,  t ime-dependen t  r e a c t i v e  f l o w s  ( 2 1 , 2 8 )  
show great p r o m i s e  f o r  d e l i n e a t i n g  c h a r a c t e r i s t i c  f l a m e  d e t a i l s  t h a t  
are n o t  d e r i v a b l e  from s t e a d y  s t a t e  f l a m e  f o r m u l a t i o n s .  Time-depend- 
e n t  c o m p u t a t i o n a l  s t u d i e s  of p a r t i c l e  c l o u d  flames i n v o l v i n g  UCSD-NRL 
c o l l a b o r a t i v e  e f f o r t s  h a v e  been  i n i t i a t e d .  We n o t e  t h a t  t h e  c o n s t i t u -  
a t i v e  e q u a t i o n s  o f  p a r t i c l e  c l o u d  combus t ion  are g e n e r a l l y  w e l l  known 
( 2 , 8 , 9 , 1 0 , 1 9 , 2 0 , 2 7 ) .  A n a l y t i c  a n d / o r  c o m p u t a t i o n a l  s u c c e s s  rests 
h e a v i l y  o n  w i s e  s e l e c t i o n s  of t h o s e  p h y s i c o c h e m i c a l  p a r a m e t e r s  t h a t  
may s i g n i f i c a n t l y  i n f l u e n c e  r e s u l t s  -- and n e g l e c t  o f  t h o s e  p h y s i c o -  
c h e m i c a l  parameters t h a t  p l a y  i n s i g n i f i c a n t  r o l e s .  P a r t i c l e  c l o u d  
combus t ion  e x p e r i m e n t s  a re  needed  t o  i d e n t i f y  and assess t h e  u n d e r -  
l y i n g  combus t ion  processes,  phenomena, and  p a r a m e t e r s  which  are i m -  
p o r t a n t .  
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5 .  PARTICLE CLOUD DISPERSION AND CHARACTERIZATION ISSUES 
F u e l  p a r t i c l e  d i s p e r s i o n  i n  a g a s ,  f o r  p u r p o s e s  o f  p a r t i c l e  c l o u d  
c o m b u s t i o n  e x p e r i m e n t a t i o n ,  h a s  been c a r r i e d  o u t  i n  a number o f  e x p e r -  
i m e n t s  ( 5 , 6 , 2 9 , 3 0 ) .  A t  normal  g r a v i t y ,  t h e s e  e x p e r i m e n t s  are g e n e r a l l y  
c o n c e r n e d  w i t h  s t u d i e s  of  i g n i t i o n  and  e x p l o s i o n  i n  t u r b u l e n t  p a r t i c l e  
c l o u d s .  T i m e  f o r  decay  of  t u r b u l e n c e  and s e c o n d a r y  f l o w s  i s  g e n e r a l l y  
l o n g e r  t h a n  t h e  t i m e  d u r i n g  which s e d i m e n t a t i o n  compromises  t h e  needed  
p a r t i c l e  u n i f o r m i t y .  
J o i n t  UCSD-Lewis R e s e a r c h  C e n t e r  s t u d i e s  o f  m i x i n g  methods  ( t o  be 
u s e d  i n  r e d u c e d  g r a v i t y  e n v i r o n m e n t s )  c u r r e n t l y  e m p h a s i z e  a c o u s t i c a l l y  
i n d u c e d  f l o w s  t o  ass i s t  i n  m i x i n g  and  t h e  e s t a b l i s h m e n t  o f  p a r t i c l e  
c l o u d  u n i f o r m i t y .  
c l o u d  c o m b u s t i o n  e x p e r i m e n t s  ( g  = 0 ,  -1) c o n c e r n s  t h e  c o n s e q u e n c e s  o f  
triboelectrically-induced c h a r g e  s e p a r a t i o n  p r o c e s s e s  which  d e r i v e  
f rom v i g o r o u s  m i x i n g .  Charge  s e p a r a t i o n  p r o c e s s e s  s u s t a i n e d  b y  d i e l e c -  
t r i c  p a r t i c l e s  i n  a i r  c a n  l e a d  t o  unwanted  e f f e c t s  s u c h  as  t h e  agglom- 
e r a t i v e  g rowth  o f  p a r t i c l e  c l u s t e r s  and t h e  a t t a c h m e n t  o f  p a r t i c u l a t e  
c l u s t e r s  t o  c o m b u s t i o n  chambers  w a l l s  ( 2 2 ) .  
A p r o b l e m  which a p q e a r s  i m p o r t a n t  t o  a l l  p a r t i c l e  
UCSD-Lewis R e s e a r c h  C e n t e r  s t u d i e s  have  f o c u s e d  on methods  o f  
m i t i g a t i n g  t h e s e  unwanted  e f f e c t s .  Dur ing  v i g o r q u s  m i x i n g  ( b y  a c o u s -  
t i c  or o t h e r  s o u r c e s ) , c h a r g e  n e u t r a l i z a t i o n  c a n  b e  promoted  t h r o u g h  
u s e  of  i o n i z i n g  s o u r c e s .  We have  employed a r r ays  of i o n i z i n g  s o u r c e s  
( t h e  a c t i v e  s o u r c e  component is Polonium-210,  a weak a - s o u r c e ) .  S t u d -  
i e s  t o  d a t e  show t h a t  d u r i n g  s e v e r a l  m i n u t e s  of v i g o r o u s  m i x i n g ,  p a r -  
t i c l e - p a r t i c l e  and  p a r t i c l e - w a l l  i n t e r a c t i o n s  c a n  be c o n t r o l l e d  t o  
a c h i e v e  ( 2 2 )  t h e  f o l l o w i n g  two i m p o r t a n t  o b j e c t i v e s :  
(1) The v i g o r o u s l y - m i x e d  c l o u d  o f  p a r t i c u l a t e s  r e m a i n s  e s s e n t i a l l y  
monomeric .  
( 2 )  Particle-wall attachment rates are small. Particle surface 
d e n s i t i e s  o f  t h e  o r d e r  o f  1 p a r t i c l e  p e r  s q u a r e  m i l l i m e t e r  
have  been a c h i e v e d .  T h i s  c o r r e s p o n d s  t o  no more t h a n  a one  
o r  two p e r c e n t  d e p l e t i o n  of  t h e  p a r t i c l e s  t o  b e  c o n t a i n e d  
i n  a f l a m e  t u b e ' s  volume.  
F i g u r e  (8 )  is a s c h e m a t i c  o f  t h e  tes t  a p p a r a t u s  u s e d  t o  car ry  o u t  
t h e  a f o r e m e n t i o n e d  m i x i n g  e x p e r i m e n t s .  F i g u r e  ( 9 )  shows t h e  a r r a n g e -  
ment  o f  Po lon ium s t r i p  s o u r c e s  a l o n g  t h e  i n s i d e  s u r f a c e s  of t h e  15 c m .  
l o n g  by 5 c m .  i . d .  t es t  chamber .  F i g u r e  (10 )  shows t h e  r e s u l t s  of  
p a r t i c l e - p a r t i c l e  a g g l o m e r a t i o n  and  p a r t i c l e - c l u s t e r  w a l l  a t t a c h m e n t  
f o r  t h r e e  d i f f e r e n t  t e s t  c o n d i t i o n s .  Where no i o n i z i n g  s o u r c e s  were 
employed,  F i g u r e  ( 1 0 - a )  shows a w a l l  d e n s i t y  o f  p a r t i c l e s  t h a t  is  s e v -  
e r a l  o r d e r s  of  m a g n i t u d e  g r e a t e r  t h a n  t h a t  shown i n  F i g u r e s  (10 -b )  and 
(11). The e x p e r i m e n t  t h a t  y i e l d e d  t h e  F i g u r e  (10 -a )  r e s u l t s  w a s  
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Figure 9: Test Apparatus Tube Detail Showing Wall Placement of 
Polonium 21 0 Strip Sources. 
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(a) 
Radioactive Sources not in Use 
(b) 
Polonium-210 Sources in Use 
Figure 10: Wall Particle Adhesion for a Gold Coated (ungrounded) Tube. 
Mixing: 2.5 x 10 Kg Lycopodium at 13 W and 200 Hz for 60 seconds. 
-8 
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Figure 11 : Wall Particle Adhesion for a Clear Lexan (ungrounded) Tube. 
Mixing: 
- 8  
2.5 x 10 Kg Lycopodium at 13 W and 200 Hz for 60 seconds. 
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conducted without aid of ionizing strip sources. The Figure (10-b) 
and Figure (11) results derive from experiments with the Polonium-210- 
containing strips arranged along the inner surface of the test cham- 
ber. Further details concering these findings (as wel.1 as the dynma- 
mics of particle-particle and particle-wall attachment/detachment 
processes) are given in reference (22). 
It is important to note that the successful mitigation of parti- 
cle-particle and particle-wall attachment processes is, essential to 
- all particle cloud experiments which involve vigorous mixing pro- 
cesses. This includes the body of normal gravity experiments re- 
ported previously (e.g., 6, 29,30), as well as our own reduced grav- 
ity experiments. It is not evident that previous studies have taken 
adequate account of mixing-induced agglomerative growth and cloud 
concentration depletion through surface attachment of particles. Al- 
though the use of ionizing sources to inhibit particle-wall attach- 
ment is well known, the technique appears not to have been employed 
previously in particle cloud combustion experiments. 
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